The natural environment of a living cell is not only organized on a micrometer, but also on a nanometer scale. Mimicking such a nanoscale topography in implantable biomaterials is critical to guide cellular behavior. Also, a correct positioning of cells on biomaterials is supposed to be very important for promoting wound healing and tissue regeneration. The exact mechanism by which nanotextures can control cellular behavior are thus far not well understood and it is thus far unknown how cells recognize and respond to certain surface patterns, whereas a directed response appears to be absent on other pattern types. Focal adhesions (FAs) are known to be involved in the process of specific pattern recognition and subsequent response by cells. In this study, we used a high throughput screening "Biochip" containing 40 different nanopatterns to evaluate the influence of several nanotopographical cues like depth, width, (an)isotropy and spacing (ridge-groove ratio) on osteoblast behavior. Microscopical analysis and time lapse imaging revealed that an isotropic topography did not alter cell morphology, but it highly induced cell motility. Cells cultured on anisotropic topographies on the other hand, were highly elongated and aligned. Time-lapse imaging revealed that cell motility is highly dependent on the ridgegroove ratio of anisotropic patterns. The highest motility was observed on grooves with a ratio of 1:3, whereas the lowest motility was observed on ratios of 1:1 and 3:1. FA measurements demonstrated that FA-length decreased with increasing motility. From the study it can be concluded that osteoblast behavior is tightly controlled by nanometer surface features.
Introduction
In the development of new implantable biomedical materials, several important surface characteristics are currently widely studied, including coating with biochemical signaling molecules (Geiger et al., 2009) , wettability (Michiardi et al., 2007) , composition (Stone et al., 2009; Rosales-Leal et al., 2010) , stiffness (Engler et al., 2006) and topography (Curtis et al., 2001; Walboomers and Jansen, 2001) . The latter, surface topography of implantable biomaterials is especially critical to guide cellular behavior like adhesion, spreading and cell movement. In this context (directional) migration and correct positioning of cells on biomaterials are regarded as being very important for promoting wound healing and tissue regeneration. In order to achieve control over these phenomena, previous research has focused on the behavior of cells on substrates provided with organized micron scale topographies, which demonstrated that cellular morphology and migration behavior could be governed by such cues (Su et al., 2007; Kim et al., 2009; Jeon et al., 2010) . However, the direct natural environment of a living cell is not (only) organized at the micrometer level, but mainly at the nanometric scale. For example, bone tissue contains an organized array of collagen type-I fibrils with interfibrillar spacings of 68 nm and 35 nm depth (Weiner and Wagner, 1998) .
Mimicking nanometric biological surface characteristics in a biomaterial surface is a powerful tool to study and manipulate cellular responses. Dalby et al. and Biggs et al. studied nanopits and demonstrated that cellular adhesion and spreading decreased, whereas differentiation towards an osteoblastic cell phenotype was promoted (Biggs et al., 2007; Biggs et al., 2008; . In addition to nanopits, several studies demonstrated that nanometric groove-like structures controlled cellular morphology by inducing alignment to grooves (Clark et al., 1991; Lamers et al., 2010; Loesberg et al., 2007; Tsai et al., 2009; Zhu et al., 2004) . Moreover, cell differentiation characteristics can actively be induced by surface nanotopography . Although several authors have already studied nanoscale surface features, these were usually spaced in microscale inter distances (Wójciak-Stothard, 1996; Teixeira et al., 2003) . Thus the exact mechanisms by which nanotextures can control cellular behavior are thus far not well understood. In addition, it is unknown how cells are able to recognize and respond to certain surface patterns, whereas a directed response appears to be absent on other pattern types. Still it is generally accepted that focal adhesions (FAs), protein complexes linking the extracellular matrix environment to the intracellular actin cytoskeleton, and adhesive proteins (e.g. integrins) are involved in the process of pattern recognition (Bershadsky et al., 2006) . Immediately after contact of a substrate with cell culture medium, proteins (most importantly fibronectin and vitronectin in serum) start to adhere to the surface (Steele et al., 1992; Garcia and Boettiger, 1999) . Specific binding sites in these proteins (the best known being the RGD peptide sequence) are recognized by integrin heterodimers on the cell membrane. The integrins then are assembled in FA complexes of 2-10 μm long and 0.5-1 μm width and are coupled to filamentous (F)-actin by means of linker proteins (e.g., vinculin, paxillin) (Anselme, 2000; Hynes, 2002; Owen et al., 2005; Bershadsky et al., 2006; ; Zaidel-Bar et al., 2007) . FAs are formed during initial cell adhesion and thereafter constantly assembled and disassembled during cell movement (Wozniak et al., 2004) . In addition, FAs serve as mechanosensors recognizing both biochemical and biophysical characteristics, like surface topography and ligand spacing (Weiss, 1945; Geiger et al., 2009) . Maturation of FAs is essential for the establishment of a firm adhesion to a surface and the maintenance of an optimal distance of around 70 nm between activated integrin couples is crucial to induce their clustering (Arnold et al., 2004; Cavalcanti-Adam et al., 2007; Geiger et al., 2009) . Upon maturation of FAcomplexes, signals are transduced by outside-in and insideout signaling. Regulation of signaling pathways leads to the control of transcription factors. These transcription factors can, depending on other extracellular signals, activate a cascade of cellular processes, like proliferation, differentiation but also apoptosis (Juliano et al., 2004) .
A better understanding of how cells and FAs are affected by specific surface topographical characteristics can support the design and optimization of biomaterials. We hypothesized that individual surface parameters can control osteoblast behavior differently; osteoblast morphology is controlled by pattern shape and dimensions, whereas motility is controlled by pattern spacing and FA organization. In the current study a polystyrene (PS) "Biochip" was used, containing 40 different fields consisting of nanometric surface patterns in order to gain more knowledge on the role of specific nanoscale topographical features on osteoblast morphological behavior (van Delft et al., 2000; Loesberg et al., 2007; . Each field occupied an area of 500x500 μm 2 . Initial osteoblast adhesion, morphology and motility were analyzed in relation to the role of individual surface parameters, i.e., pattern depth and width (a range of pattern dimensions on either deep or shallow substrates), shape (i.e., (an)isotropy) and pattern spacing (three different ridge-to-grooves ratios, i.e., 1:3, 1:1 and 3:1) using this biochip.
Materials and Methods

Substrates
A silicon template containing 40 different nanometric patterns was generated using electron beam lithography (EBL) employing Hydrogen Silsesquioxane resist, as described by Van Delft et al. (2000; . The field patterns consisted of 500 x 500 μm 2 areas, containing squares and line patterns with ridge to groove (R:G) ratios of 1:1, 1:3 and 3:1 (Table 1) . For obtaining an increased pattern depth, the shallow EBL substrates (non-RIE in Table 1 ) were used as a mask for standard reactive ion etching (RIE in Table 1 ). The templates were used to produce polystyrene (PS; Acros, Geel, Belgium) biochips for cell culture (Walboomers et al., 1998) .
For the production of the PS replicas, 0.5 g PS was dissolved in 3 mL chloroform and stirred gently overnight. The PS solution was casted onto the silicon wafers and the chloroform was evaporated overnight. The PS substrates were removed from the wafers and 2.0 cm diameter PS rings were glued to substrates using a small amount of casting solution to create cell culture dishes. As a control for cellular orientation smooth substrates were used. All substrates were treated by radiofrequency glowdischarge (RFGD; Harrick Scientific, Pleasantville, NY, USA) for 5 minutes at 10 -2 mbar for sterilization and to enhance cell adhesion by improving the wettability of the substrate.
Atomic force microscopy (AFM)
After production and sterilization, AFM (Dimension 3100, Veeco, Santa Barbara, CA, USA) with Nanoscope imaging software (version 6.13r1, Veeco) was used to confirm surface topography. Tapping in ambient air was performed with 118 μm long silicon cantilevers (NW-AR5T-NCHR, NanoWorld AG, Wetzlar, Germany) with average nominal Overview of methods to measure cellular morphological characteristics. a. Orientation was examined by determining the angle (α) between the long cell axis relative to the groove or horizontal square direction. b. The elongation factor (EF) was calculated as the length (L) of the long cell axis divided by the maximal length perpendicular to this long axis. c. Cell area was measured by creating binary images and measuring the total surface area. All measurements were performed using ImageJ software. This type of AFM probe has a high aspect ratio (7:1) portion of the tip with a nominal length of >2 μm and a half-cone angle of <5°. Nominal radius of curvature of the AFM probe tip was less than 10 nm. Height images of each field/sample were captured in ambient air at 50% humidity at a tapping frequency of 266.4 kHz. The analyzed field was scanned at a rate of 0.5 Hz and 512 scanning lines.
Osteoblast-like cell culture
Rat bone marrow (RBM) cells were obtained from femurs of 40-43 day old male Wistar WU rats (local approval #RU-DEC 2008199). The femurs were washed three times in alpha Minimal Essential Medium (aMEM; Gibco, Invitrogen, Paisley, Scotland) with 0.5 mg/mL gentamycin and 3 μg/mL fungizone. The epiphyses were removed and the diaphyses were flushed for RBM isolation with 10 mL osteogenic differentiation medium containing αMEM with 10% fetal calf serum (Gibco), 50 μg/mL ascorbic acid (Sigma-Aldrich, Zwijndrecht, the Netherlands), 10 mM Naβ-glycerophosphate (Sigma), 10 -8 M dexametasone (Sigma) and 50 μg/ mL gentamycin (Gibco). RBM cells of two femurs were incubated in differentiation medium in three 75 cm 2 culture flasks (Greiner BioOne, Alphen aan de Rijn, the Netherlands), in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. After one day medium was refreshed to remove non-adherent cells. After 7 days of primary culture, cells were detached with trypsin/EDTA (0.25% w/v trypsin / 0.02 mM EDTA). The cells were concentrated by centrifugation at 1500 rpm for 5 min and resuspended in 10 ml medium. The total cell number was determined with a Coulter ® Counter (Coulter Electronics, Luton, UK) and 10 4 cells/ cm 2 were seeded onto the substrates.
Immunofluorescence and quantitative cell measurements
Osteoblasts were cultured for 4 and 24 h, washed in PBS, fixed for 10 minutes in 3% paraformaldehyde (PFA; Fluka, Sigma-Aldrich and 0.02% glutaraldehyde (Acros) in phosphate buffered saline (PBS), permeabilized in 1% Triton X100 (Koch, Colebrook, UK) in PBS for 5 minutes and incubated with PBS containing 5% bovine serum albumin (BSA) (Sigma) for 30 minutes to block aspecific epitopes. Vinculin staining was performed overnight with mouse monoclonal primary antibodies (1:1000; Sigma) in PBS containing 1% BSA and 0.1% Tween-20, followed by goat anti-mouse secondary antibody Alexa-fluor 488 conjugated IgG (1:200; Molecular Probes, Invitrogen), Alexa-fluor 568 conjugated phalloidin for filamentous actin fluorescence (1:200; Molecular Probes, Invitrogen) and DAPI (4',6-diamidino-2-phenylindole) staining for nucleic ultra-violet (UV)-visualization (1:2500) diluted in PBS containing 1% BSA and 0.1% Tween-20 (Merck, Schuchardt, Germany) for 2 hours at room temperature. The influence of nanotopography on osteoblasts Samples were examined using an Olympus FV1000 confocal laser scanning microscope with a 40x water immersion objective (CLSM, Olympus, Center Valley, PA, USA). Orientation of osteoblasts on nanopatterns was examined by analyzing over 100 cells per substrate and determining their angle relative to the groove or horizontal square direction. The elongation factor (EF) was defined as the length of the longest cell axis divided by the maximal length perpendicular to this long axis. The cell area was measured by creating binary images and measuring the total surface area (Fig. 2 ). Analysis of FA was performed by measuring 20 cells per substrate and determining length of all FA present. All measurements were performed using ImageJ software (Image J, National Institutes of Health, Bethesda, MD, USA). Statistical analysis was performed by performing either an unpaired t-test (elongation and FA-length) or a non-parametric Wilcoxon signed rank test (orientation and area). Statistical analysis was performed using SPSS for Windows (SPSS14.0, Chicago, IL, USA). 
Results
Nanopatterned substrates
Both RFGD treated polystyrene biochips (RIE and non-RIE) containing 40 different fields of nanopatterns consisting of squares, and grooves with different spacings (Table 1) were routinely checked on the quality of replication by means of AFM and SEM (Fig. 2) . Nanopatterns with a pitch smaller than 80 nm (i.e. the sum of groove and ridge width) appeared to be too small for an accurate replication process and were therefore excluded from further analysis.
Osteoblast elongation
After 4 hours of culture on the smooth control, osteoblasts were only marginally elongated (Elongation Factor, EF =
Fig. 5. Osteoblasts orient randomly on nanosquares.
Osteoblast orientation on nanosquares was measured. Due to the isotropy, osteoblasts can orient parallel to the pattern in two directions (x1 and x2). Therefore, orientation of osteoblasts was measured as the shortest angle from one of two axes and maximal orientation angle was 45°. Staining of osteoblasts cultured on isotropic nanosquares revealed that morphology was similarly influenced as osteoblasts cultured on the smooth control; cells did not appear to be elongated in a specific direction (Fig. 3) . Elongation measurements confirmed these observations, as the EF was similar to the smooth control up to 400 nm spacing. On a spacing of 600 nm cells were significantly more elongated (EF = 2.2±0.25; P<0.05; data not shown).
Fig
Depending on the pitch (i.e., sum of groove and ridge width), osteoblasts cultured on anisotropic nanogrooved substrates were clearly more elongated than on the smooth substrate and also were oriented into the groove direction. Measurements demonstrated that osteoblast elongation was dependent on three groove parameters, i.e., spacing, depth Fig. 4a ). At 24 hours, a similar trend was observed, as osteoblasts were most responsive to grooves with a R:G of 1:3 and 1:1 and cells were less responsive to a R:G of 3:1. Maximal elongation was observed for cells cultured on a pattern with a R:G of 1:1 and 400 nm pitch (EF = 3.5±0.6).
A sufficient pattern depth appeared to be an important factor for osteoblast elongation (Fig. 4b,c ). Cells were significantly elongated on grooves down to a minimal pitch of 200 nm when the depth was >77.4 nm. When pattern depth was reduced, osteoblasts significantly elongated down to a minimal pitch of 400 nm, with a depth of 34.6 nm albeit to a lesser extent. Fig. 9 . Hypothesized models to explain the role of focal adhesions and matrix proteins in the response of osteoblasts to groove width and ridge-groove ratio. a. FAs respond similar to grooves smaller than 75 nm wide as to smooth substrates (e); cell adhesion is firm and motility will be low. b. FAs on 150 nm wide grooves cross several ridges by which adhesive strength will decrease and motility will increase. c. FAs on grooves wider than 0.5 μm can descend into the grooves and this results, depending on the ridge width, in a firm adhesion and a decreasing motility. d. FAs of 0.5μm width reside on top of the ridges and cannot descend into grooves. Depending on the ridge width, motility will be high. f. An alternatively proposed model for b. The maximal distance between integrins for maturation and normal intracellular signaling is ≤75 nm. If the distances become greater (or if integrins cannot reach a target) signaling is impaired and cellular response will change. This results in an increased motility of the cells. g. On a high R:G, more integrins per FA can adhere to the substrate and this results in an increased adhesion strength and decreased motility. h. On a low R:G FA response will be severely decreased and this results in a high motility. i. On squares, cell motility is high due to the inability to form mature FA over the complete FA length.
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The
influence of nanotopography on osteoblasts
The different response of osteoblasts to pattern spacing could be explained by the groove width (Fig. 4b) .
Osteoblasts cultured on grooves with a R:G of 3:1 were significantly elongated down to a minimal groove width of 75 nm (225 nm ridge width; EF = 2.3±0.3), on a R:G of 1:1 osteoblasts were elongated down to 100 nm groove width (100 nm ridge width; EF = 2.2±0.2) and on a R:G of 1:3 cells were elongated down to a groove width of 125 nm (75 nm ridge width; EF = 2.8±0.4).
Osteoblast orientation
Since the data from the analysis by definition are skewed a box-whisker plot was drawn which shows the median (line in the box), 1 st and 3 rd quartiles (box edges) and the 5 th and 95 th percentile (whiskers). Osteoblasts cultured on smooth substrates displayed a random orientation (median of ~45 o ; Fig. 4 ), independent of culture time.
As nanosquares are isotropic, and thus have two horizontal axes, osteoblasts can orient only at a maximum angle of 45 o relative to one of both horizontal axes (Fig.  5 ). Hence osteoblast orientation was measured relative to the shortest axis, which always had a maximum of 45 o . Use of this different measuring approach demonstrated that osteoblasts were randomly orientated on the nanosquares with median orientations between 20 and 30 o .
In contrast, a highly aligned morphology of osteoblasts was induced by nanogrooves. The analysis demonstrated that alignment was even more dependent on the surface topographical parameters (spacing, pattern depth and width) than elongation. At 4 hours, osteoblasts were most responsive to a R:G of 1:3 and 1:1 and significantly aligned to a groove pitch down to 200 nm relative to the smooth substrates, whereas on a R:G of 3:1 osteoblasts aligned to a pitch down to 300 nm (Wilcoxon signed rank test P<0.05, Fig. 4d ). The importance of the R:G became even more evident at 24 hours. Osteoblasts cultured on a R:G of 1:3 displayed the highest sensitivity, and significantly aligned to a pitch down to 100 nm. Cells cultured on a R:G of 1:1 were responsive to a minimal pitch of 160 nm. Osteoblasts were least responsive to a R:G of 3:1; cells aligned down to a pitch of 300 nm (Fig. 4e ). The differences in sensitivity to pattern spacings are a result of the groove width. On all three R:G ratio's, cells aligned to a minimal groove width of 75 nm, irrespective of ridge width, indicating that this dimension is a clear threshold for specific pattern recognition.
The importance of pattern depth was more pronounced on osteoblast alignment than on elongation as demonstrated by the graphs in Fig. 4e and f. Osteoblasts cultured on the non-reactive ion etched (RIE) patterns with decreased depth were most responsive to a R:G of 1:1 (Fig. 4f) . Cells aligned to a pitch of 300 nm with a width of 33.8 nm. Osteoblasts were less responsive to a R:G of 1:3 and 3:1; cells aligned to a groove width down to 400 nm with a depth of 34.6 nm. Surprisingly however, osteoblasts cultured on the RIE biochip and a R:G of 1:3 did align to a pitch of 100 nm with a depth of 32.4 nm (Fig. 4e ).
Osteoblast area
On smooth substrates, the median osteoblast area was 391 μm (Fig. 6) . Osteoblast area appeared not to be decreased by the squares nor nanogrooves on all tested R:G ratios, pitches and depths, indicating that elongation effects are not explained by an overall increase in cell spreading.
Focal adhesions
To determine the influence of nanopattern dimensions on osteoblast adhesion in more detail, FAs were analyzed (after 24 hours of culture only) on the nanopatterned RIE biochip (Fig. 7) . On the smooth control, cells displayed an average FA length of 5.1±0.3 μm. Osteoblasts cultured on the nanopatterns demonstrated that an increase of the pattern size resulted in a significantly decreased FA length (t-test, P<0.05). The smallest FAs were observed on ±0.05 0.46 ±0.08 0.45 ±0.06 0.33 ±0.07 0.22 ±0.03 0.23 ±0.04 /min) 0.31 ±0.07 0.30 ±0.05 0.30 ±0.06 0.29 ±0.04 0.28 ±0.05 patterns with a R:G of 1:3; FAs on all studied pitches were significantly smaller than on the smooth control. Cells cultured on a R:G of 1:1 displayed the longest FAs; a significant difference with the smooth control was observed from a minimal groove pitch of 400 nm. The influence of nanopatterns on the amount of FAs in each cell was also determined, but there were no differences (data not shown).
Osteoblast motility
For measurements of motility (T), displacement (D) and directionality (i.e., D/T), motility plots were created (Fig.8  a-d) (Pankov et al., 2005) . These motility plots demonstrated that, in contrast to osteoblast alignment on grooves, the orientation of cell movement was random on all studied grooved substrates.
After initial adhesion and spreading on smooth substrates, osteoblast motility (251±51 μm) as well as displacement remained low over 24 hours at an average speed of 0.17±0.04 μm/min (Movie 1 and Table 2 ). Osteoblast directionality was 0.22 of all cell movements ( Fig.8 e,f) .
Osteoblast motility was influenced by several topographical factors like pattern shape, pattern spacing and width (Movies 2,3; grooves are in horizontal direction). Whereas osteoblast morphology was barely affected by the isotropic nanosquares, these patterns greatly increased motility; on a pattern spacing of 400 nm the highest motility was observed (574±79 μm). The average motility of osteoblasts on 400 nm spaced nanosquares was significantly increased not only relative to the smooth control (P<0.05), but also relative to grooves with a R:G of 1:1 (428±82 μm) and 3:1 (405±69 μm; P<0.05). Displacement of cells on the other hand was only marginally increased and this resulted in a decreased directionality compared to the smooth control. Osteoblast motility on nanosquares was increased down to a pattern spacing of 160 nm (415±69). Displacement on this pattern was not significantly increased relative to the smooth control.
In addition to surface isotropy, groove spacing (R:G) and width greatly affected osteoblast motility. Whereas maximum motility was observed on a 400 nm pitch for all three ratios, osteoblasts were significantly more motile on a R:G of 1:3 (658±75 μm) compared to a R:G of 1:1 and 3:1. This phenomenon was persistent down to a pitch of 200 nm (Fig. 8e ). Relative to the smooth control, osteoblast motility on a R:G of 1:3 was increased down to a pitch of 100 nm (325±51 μm). The displacement on the other hand remained relatively low and hence cells cultured on a R:G of 1:3 had a lower directionality than cells cultured on smooth control. Osteoblasts cultured on a R:G of 1:1 and 3:1 moved in a similar speed on all studied pitch dimensions. An increased osteoblast motility on a R:G of 1:1 was persistent down to 200 nm pitch, whereas it persisted down to 160 nm on a R:G of 3:1. Displacement and directionality on these groove ratios were decreased relative to the smooth control.
Discussion
In the current study we aimed to get insight in how osteoblast morphology and motility are controlled by nanoscale surface features like (an)isotropy, spacing (R:G) and depth using a biochip with an array of nanoscale squares and groove patterns differing in depth, width, spacing and ridge-groove ratio. By the use of such a biochip, a wide range of specific nanoscale topographical factors on cell behavior can be studied in a high throughput screening method. In order to obtain a large number of biochips, as were needed in the study, polystyrene replicas were created by solvent casting. The patterns on the biochip were highly reproducible into polystyrene down to a pitch of 80 nm as demonstrated by AFM and SEM. As stated by , most likely the diffusion limitation in the smallest grooves during RIE resulted in shallower depths and more concave grooves. Additionally, the capillary forces of the smallest patterns could also affect reproduction accuracy by PS solvent casting.
The data demonstrate that osteoblast morphology and motility can be specifically controlled by nanoscale surface features, like depth, width, isotropy and spacing. By observation of osteoblasts using fluorescence microscopy, isotropic nanotopography appeared to have only a little influence on the overall osteoblast shape. Detailed SEM observation by Dalby et al. (2004a Dalby et al. ( , 2004b showed that cells on isotropic nanoscale topography still exhibit unique features. Fluorescence microscopical evaluation of anisotropic nanogrooves on the other hand, affected morphology to much greater extent. Although by nature cells in culture are elongated (i.e., EF of 1.5 of cells on a smooth control), when cultured on grooves elongation is increased in conjunction to the alignment. In line with several other studies, depending on groove width, depth and spacing cells became highly elongated and aligned into the groove direction (Teixeira et al., 2003; Yang et al., 2008; Liliensiek et al., 2010) . The alignment of cells to grooves is possibly dependent on the tyrosine phosphorylation of actin binding proteins as previously shown by Wójciak-Stothard et al. (1996) . Still this study confirmed that a threshold for cellular response to anisotropic substrates exists at a 75 nm groove width Tocce et al., 2010) . Moreover, our study demonstrated that this threshold value was irrespective of ridge width. Unmistakably, cells were most responsive to grooves with a R:G of 1:3 over equal or reversed ridge-groove ratios indicating the importance for the sufficient groove width. In addition, pattern depth greatly influenced osteoblast morphology, independent of spacing. In agreement with previous studies, a threshold for the response to pattern depth was found at ~34 nm (Lenhert et al., 2005; Loesberg et al., 2008) . The inability to respond to patterns with a depth less than 34 nm may be hypothesized to be a result of clogging of the surface features in a protein rich environment. The adhesion of serum proteins from the medium, like fibronectin and vitronectin, cover the groove surface as well as the ridge surface thereby "smoothening" the substrate by forming a ubiquitously adhesive surface for cells by which the www.ecmjournal.org E Lamers et al.
The influence of nanotopography on osteoblasts nanopatterns are no longer recognized by integrins (as illustrated in Fig. 9a ) (Toworfe et al., 2004) . Although cells upon seeding produce ECM cell adhesion proteins, future studies in serum free media or integrin inhibition studies could be applied to study specific effects on such small patterns in more detail.
In addition to cell morphology, time-lapse imaging analysis was used to analyze cell motility. The results demonstrated that although osteoblast morphology was not affected by isotropic nanosquares, motility was highly increased on such surfaces. Cell motility on grooves was, like morphology, highly dependent on groove width and space. Similar observations were also made by Wójciak-Stothard et al. (1995) , who demonstrated that macrophage motility was increased by groove depths decreasing to the sub-micrometer range. On grooves with a R:G of 1:3 as well as on the squares, motility was significantly higher compared to grooves with a R:G of 1:1 and 3:1 with a maximum motility at a pitch of 400 nm. A possible explanation for differential cell behavior on various substrate textures might be that the micro-mechanic properties directly at the surface are altered (Engler et al., 2006) . However, the polystyrene used in our experiments is a rigid material (Khatiwala et al., 2006) . Moreover, structural changes in the cells are recognized on different patterns. Interestingly, FAs possessed the shortest length on both squares and grooves with a R:G of 1:3 and a pitch of 400 nm, suggesting that integrin cluster size, which results in FA binding strength, is decreased ( Fig. 9f-i) . Coussen et al. (2002) demonstrated that groups of only three integrin pairs are needed to form an activated cluster and establish adhesion. An increase of integrin clusters will lead to enlarged FAs, increased FA maturation and adhesion strength. This will consequently lead to a decrease in motility. Previous studies already demonstrated that FA reside on top of the ridges parallel to nanoscale grooves (Fujita et al., 2009; Lamers et al., 2010) . From this knowledge, we hypothesize that for the formation of mature, long integrin clusters, which leads to FA maturation and thus cell adhesion on nanopatterns, either sufficient ridge width or groove width is essential. This hypothesis is confirmed by the results in the current study as well as other studies. First, motility data demonstrated that ridge width determines the rate of motility. The ridge width and thus the ability to form large clusters if the formation of mature FAs on a low R:G is limited (Fig.9h ) and therefore cell motility will be higher compared to a high R:G with a greater amount of possible adhesion spots (adhesive area) for integrins ( Fig. 9f,g) . In addition, cells did not respond to a groove width of <75 nm. This can be either a result of proteins covering the grooves (Fig. 9a) , or of the ability of cells to form large integrin clusters by adhering to multiple ridges with a critical distance of <75 nm as shown by the group of Spatz (Arnold et al., 2004; Cavalcanti-Adam et al., 2007; Geiger et al., 2009) . In these studies, it was demonstrated that there is a maximal distance between integrin binding sites for integrin clustering (in a range of 50-70 nm) above which cells fail to develop mature FAs resulting from restrained integrin signaling. In this context, adjacent integrin pairs bridge grooves of ≤75 nm width and form clusters without "recognizing" the space between the grooves. On the other hand, integrin signaling on grooves >75 nm is impaired because the space between two adjacent integrins is >75 nm, which results in a decreased integrin clustering, reduced FA maturation and increased motility as observed with time-lapse imaging (Fig. 9b,d) (Cavalcanti-Adam et al., 2007; Shattil et al., 2010) . In order to establish adhesion, integrins residing parallel on the ridges form clusters to become activated. Consequently, cells become elongated and align parallel to the grooves (Fujita et al., 2009 ). On groove widths >500 nm cell motility decreased, although cells remained elongated and aligned parallel to the groove direction. At this point, grooves are wider than the minimal FA width and possibly large integrin clusters can form inside the spaces, but with low efficiency (Fig.  9c) . Uttayarat et al. (2008) demonstrated that FAs also reside inside grooves of sufficient width. Possibly, the 500 nm groove width as studied by them can be considered as a threshold for FA-sensing inside the grooves as the minimal FA width is approximately 500 nm (Hynes, 2002) .
In order to further confirm this hypothesis, additional experiments should be carried out, such as atomic force microscopy analysis to measure the adhesion strength of cells on nanopatterns. FA maturation can be studied by measuring phosphorylation of proteins downstream in the outside-in signaling pathway like FAK or proteins in the mitogen activated protein kinase pathway (MAPK) Hamilton et al., 2007; Kim et al., 2007) . FAK is autophosphorylated upon integrin engagement to a target and activation by clustering of integrin pairs (Kirchner et al., 2006) . Activation of FAK results in activation of the MAPK pathway, which leads to the activation of transcription factors (Juliano et al. 2004) .
Conclusion
In the current study, a high throughput "Biochip" was used to evaluate the role of different nanometer features, like (an)isotropy, pattern depth, width and spacing on (initial) cellular behavior by performing analyses on cell morphology, FAs as well as motility. From the study, it can be concluded that nanometer features tightly control osteoblast behavior. Osteoblast morphology is highly controlled by surface anisotropy and motility is specifically controlled by the ridge-to-groove ratio as osteoblasts are most motile on a R:G of 1:3 and a pitch of 400 nm. Isotropic nanosquares do not induce morphological changes on osteoblasts, but they specifically enhance motility up to a maximum at a pattern spacing of 400 nm. The obtained knowledge can aid the further development of smart surfaces that control cell behavior and account for improved osseointegration around orthopedic and dental implants.
The influence of nanotopography on osteoblasts E Lamers et al. The influence of nanotopography on osteoblasts motility could possibly result in faster wound closure, as observed in guided tissue regeneration membranes (Behring et al., 2008) . In contrast, Geiger et al. (2009, text reference) demonstrated that the inability of cells to form proper focal adhesions induced a high cell motility, but also cell death. Therefore, several patterns are very interesting to study the bone regenerative process. Grooves with a R:G of 1:3 and a between of 300 nm would be interesting as they induce cells, become highly elongated and motile. In addition, grooves with a R:G of 1:1 and a pitch of 300 nm are interesting, since alignment and elongation is similar to the R:G of 1:3, however with significantly lower motility. Finally, squares with a spacing of 300 nm would also be very interesting, since these patterns induce a high motility, whereas morphology remains comparable to smooth substrates.
Currently, in vivo studies are performed to answer the question which of the substrates would enhance osteospecific function. Only such studies can answer which nanopatterns will exhibit clinical benefits when for instance applied to the surface of a dental or orthopedic implant Reviewer I: Although parallel adhesion alignment is frequently observed on nano and microscale topographies. How do the authors explain the phenomenon of perpendicular focal adhesion formation commonly observed on these topographies? Authors: The formation of focal adhesions is a highly dynamic process as cells are constantly interrogating the surface for adhesion points. Consequently, parallel but immature adhesions are being observed.
